Introduction
Recent evidence has demonstrated that the hemolytic process in hereditary spherocytosis (HS) involves disordered physiology of the red cell membrane (1) . Two processes have received attention: (a) altered flux of sodium ions through the HS red cell membrane, and (b) altered metabolism and stability of the lipids in these red cell membranes.
Investigations into the former have demonstrated that the permeability of HS membranes to extracellular sodium ions is excessive (2, 3) , and in response the rate of active pumping of this cation outward from the cell is increased to twice normal (3, 4) . When generation of ATP, which is required for cation pumping (5) (6) (7) (8) is optimal, compensation is adequate and cation homeostasis is preserved. Under suboptimal conditions, as with entrapment of red cells in the splenic micro-2083 vasculature, or during their prolonged incubation in vitro, intracellular sodium and water accumulate, leading to osmotic swelling, increased osmotic fragility, and ultimately to osmotic hemolysis (3) . It has been suggested that this process underlies the destruction of HS red cells entrapped in the spleen (1) .
The second process, that of disordered behavior of membrane lipids, may relate to the former. As in other tissues (9) , the accelerated pumping of cations in HS red cells results in a concomitant stimulation of anabolism of certain membrane phospholipids (10) . Mainly those "acidic" phosphatides with the greatest binding avidity for cations (11, 12) are involved. Furthermore, membrane phospholipid metabolism has been demonstrated to be altered concomitantly with cation flux alterations that are provoked in HS and normal red cells (10) . Thus, concomitant with the increased flux of sodium across HS red cell membranes, their incorporation of inorganic phosphate-32P into acidic phosphatides occurs at roughly twice normal rates, and this is reduced toward normal when sodium flux is artificially reduced (10) . Similar considerations in a variety of tissues have led to the suggestion that phospholipids are generally crucial in the transport of cations through membranes (9) .
In addition, an earlier observation that HS red cells have a propensity to lose surface lipids upon prolonged incubation (13) has been more fully documented recently (14) . It has been emphasized (15) that the resulting loss in surface material would generate a more spheroidal and osmotically fragile red cell, one characteristic of that found in this disease in the circulation or especially after incubation in vitro.
The process by which HS red cells become depleted of surface lipids was the subject of the present investigation. It has previously been suggested (16) that phospholipids, whose molecular structures comprise both hydrophobic and hydrophilic components, have structural importance in all membranes, interacting both with other lipids and with the protein components thereof. It was hypothesized in this investigation that the increased metabolism of phospholipid molecules in HS red cell membranes, which in turn relates to the increased flux of sodium ions across these membranes (10) , might render the cell vulnerable to fragmentation. To examine this hypothesis, the stability of red cell membranes as measured by their lipid content has been investigated under conditions in which sodium flux across red cells has been varied by the following experimental maneuvers: sodium flux was (a) diminished in HS red cells and (b) increased in normal red cells; further (c) intracellular levels of sodium were raised acutely in normal red cells and (d) the permeability of red cells to cations was increased by chemical modification of the membrane structure. Results have been partially presented in preliminary form elsewhere (17 (27) . The separated phosphatides were localized with iodine or sulfuric acid spray and were identified by comparison with reference compounds, by group-specific sprays, and by deacylation and chromatography of water-soluble products on paper (28) as previously described (10) . After development and identificait is presumed that normal and HS red cells would be similarly affected. tion, the area of silica gel containing each phosphatide was removed from the plate, eluted with recoveries of 70-80%, as described by Skipski and coworkers (27) , or with recoveries of 90-100%, as previously described (10), and analyzed for phosphorus in triplicate by the method of Lowry and coworkers (24) . Intracellular contents of red cell sodium were measured as previously described (3).
Results
Depletion of membrane lipids during incubation of HS red cells. The loss of lipids from normal and HS red cells during incubation for 24 hr at 370C is shown in Table I . In the absence of glucose significant amounts of phospholipids and cholesterol, which comprise virtually all of the lipid of red cells (23) , were lost from HS red cells. Depletion of both types of lipids was of the same degree; the mean loss of 11.8%o in total phospholipids was not significantly different from the 13.1% loss in cholesterol. By contrast, loss of lipids from normal red cells during parallel incubations averaged between 1 and 2%70; the difference between HS and normal red cells was highly significant (P < 0.001). These results confirm earlier studies of Reed and Swisher (14) . As also seen in Table I , the addition of glucose to the incubated red cells only minimally diminished the mean phospholipid and cholesterol loss from HS red cells to a degree that was not statistically significant. In fact, in experiments with red cells from patients 4 and 5, glucose may have increased lipid loss during the 24 hr of incubation. After In several experiments, one of which is shown in Fig. 1 , loss of phospholipid (top) and cholesterol (bottom) from HS red cells (white circles) could be appreciated after 4 hr of incubation and continued unabated thereafter. In five experi- (3) . In addition, incorporation of inorganic phosphate-32P (32P1) into membrane phospholipids was diminished under these circumstances (10) . As shown in Table  II , the depression of sodium flux with either of these two media inhibited the loss of lipids from HS cells during prolonged incubation. The increase in osmotic fragility after incubation of HS red cells was correlated with their loss of surface lipids as shown in Fig. 2 . When HS red cells were incubated in a medium in which choline replaced sodium (white circles), depletion of membrane lipids was curtailed relative to that of an aliquot of the same cells incubated in the usual sodium-containing medium (black circles) as shown in the left portion of 24 hr in the usual control buffered albumin medium (see Methods) or in either albumin media rendered hypertonic by addition of 80 mM sucrose ("S" experiments) or in media in which Na+ was replaced by choline ("C" (31) . Cells loaded with sodium by this procedure actively pump this cation more rapidly (30) , have increased ATPase activity (31) , and in our hands incorporate 32p, into membrane acidic phosphatides to an increased degree (10) . As shown in Fig. 3 such sodium-loaded red cells (white circles) also lose surface lipids in excess of similarly treated control cells (black circles) whose sodium content was normal after exposure to butanol in media of low sodium (high potassium) concentration. At zero time the sodium content of the sodium-loaded cells in Fig. 3 types; e.g., 109 and 111 jug of phospholipid P/ml cells and 1.14 and 1.14 mg cholesterol/ml cells in sodium-loaded and control cells, respectively. In a similar experiment (not shown) red cells with sodium concentrations of 14 and 8.7 meq/liter lost 400 and 50 ug of lipid/ml red cells, respectively, after 24 hr of incubation. Autohemolysis was less than 2%o in 24 hr in these experiments.
Cation flux is also increased in red cells that are exposed to inhibitors of membrane sulfhydryl activity such as paramercuribenzoate (PMB) or N-ethylmaleimide (NEM) (32) . Incubation with these compounds leads to cellular sodium gain and potassium loss mainly through an increased leak rate of these ions through the cell membrane (32) . Fig. 4 . With increasing concentrations of PMB a threshold dose is reached at which sodium ions begin to accumulate in incubated red cells (upper Fig. 4) . At this dose, but not before, significant loss of membrane lipid during incubation was noted (lower Fig. 4) .
The loss of surface material which resulted from depletion of membrane lipid generates typical microspherocytes similar to those observed in HS; this is seen in Fig. 5 . Reflecting their loss of surface material, red cells exposed to nonhemolytic doses of PMB first became smaller and developed surface projections (upper right, Fig. 5 ).
In two experiments normal red cells which were rendered hyperpermeable by suspension in hypotonic media, a procedure previously shown to increase membrane phospholipid metabolism (10), lost lipid in excess of control cells. The effect was not as great as that observed with butanol or sulfhydryl inhibitors.
The effect on the lipid stability of red cells of partially inhibiting active cation transport was studied in incubation mixtures containing the cardiac glycoside ouabain. The results were inconsistent. Ouabain diminished slightly the lipid loss from HS red cells in two experiments and increased it slightly in two others.
Discussion
The present results indicate that in a variety of situations, all of which have in common excessive cation flux through red cells, membrane lipids hr of incubation, whereas normal cells lose little or none. Furthermore the loss of lipids from HS red cells can be curtailed if sodium flux is diminished. As also found by others (14) , the loss of individual lipids is exactly proportionate to their content in the cell membrane, no individual phosphatide being either disproportionally depleted or spared. This implies that pieces of membrane are separated from the cell during incubation, and that this process underlies the observed depletion of lipid. The sizes of the eluted pieces of membrane and their degree of homogeneity remain obscure. Green and his coworkers (33) have provided evidence that various membranes, including those of red cells, are formed from stable, repeating lipoprotein units. Thus membranes can be made to disaggregate into these units and reaggregate into unimolecular layers, ultimately to become vesicular membranes again by perturbation of the hydrophobic bonds (34) which bind one repeating unit to another. From such evidence it is reasonable to suspect that the loss of lipid from incubated red cells which was observed in the present studies, in fact might represent elution of lipoprotein macromolecules of variable sizes. Examples of such large pieces have been observed with electron microscopy by Weed and Bowdler (15) to be "fragments" or "buds" about 1/10 the size of the parent red cells from which they are derived. The sequence in the right portion of Fig. 5 which shows hyperpermeable (PMB treated) red cells forming multiple surface excrescences and later becoming perfectly smooth microspherocytes, supports the notion that relatively large surface buds can be removed in toto during the process. The possibility that smaller units are also eluted has not been investigated, although inhomogeneity in the size of released membrane units is suggested by the inconstant recoveries of eluted lipid in the supernatents of centrifuged, incubated red cells.
The manner by which excessive cation flux and membrane disorganization are linked remains obscure. It seems pertinent, however, that the metabolism of certain acidic phosphatides is increased in all situations studied in which excessive cation flux and lipid depletion coexist; i.e., in (a) HS red cells; (b) butanol-treated, sodium-loaded red cells; (c) in osmotically swollen red cells (10) ; and in (d) spherocytes produced by heating red cells at 500C.3 Conversely, when metabolism of these acidic phosphatides is normalized as when HS red cells are suspended in Sholine media to suppress sodium flux (10), excessive lipid loss ceases. Although no mechanistic interpretation of these correlations is as yet available at least two possibilities might be examined in the future. Firstly, these results are consistent with the suggestion that fragmentation occurs when certain phosphatides, which may act by electrostatic bonds to cement together the lipid and protein components of the membrane (16), have their properties altered; this may occur when turnover of their phosphate groups is stimulated during excessive cation flux through red cell membranes (10) . Alternatively, abundant data have been collected and reviewed recently by Korn (35) , which suggest that membrane lipid-protein bonds are, in fact, hydrophobic (34) , and that the resulting lipoprotein units are repeating and are bound together by these same forces. In one current model of membrane structure offered by Green and his coworkers (33) , this unit is coated only on its upper and lower surfaces with lipid. Neighboring units, which are similarly coated, are prevented from attachment except at mutually uncovered (protein) side surfaces. A single layered sheet of lipoprotein is generated which curves and finally fuses at its open ends into a vesicular membrane. Removal of lipid from such a membrane produces disaggregation and bunching of the altered repeating units into chaotic, nonmembranous structures (33) . A similar sequence of lipid depletion followed by membrane disorganization may underlie the fragmentation of incubated red cells observed in the present studies.
Reed and Swisher (14) have postulated another mechanism for excessive cell fragmentation in HS. These authors conceive of cellular ATP as crucial to membrane stability; with its loss, fragmentation would occur. This postulate was supported by their findings that glucose supplementation (and therefore presumably ATP preservation) diminished the depletion of lipids from incubated HS 3 Jacob, H. S. Unpublished observations. 2091 red cells. In the present studies we were not able to confirm these data. In our hands glucose inconsistently affected lipid loss in HS red cells; in fact, in some experiments glucose may have increased lipid depletion slightly (patients 4 and 5, Table I )." The reasons for the discrepant results are unknown although they may relate to the differing incubation procedures in the two studies. Plasma was utilized as the suspending media by the former authors whereas lipid-poor, buffered albumin was utilized in the present study. It has been recently reported both from our laboratory (10) and from another (37) (Table I) and one other patient, not utilized in the present studies, have had levels of autohemolysis, after 48 hr of incubation, which were not improved by glucose supplementation. In both cases loss of lipids/24 hr was either not reduced or, in fact, was increased by glucose. Red cells from case 5 were used in Experiments S2 and C2 (Table  II) .
partially inhibits the ATPase reaction required for active cation pumping, but does not affect other ATP-dependent reactions. It might be expected thereby that more ATP would be made available by ouabain to function in its postulated role of preserving membrane integrity. In fact, ouabain does tend to increase ATP levels in incubated red cells (39) , yet as shown by both Reed and Swisher (14) and by ourselves it has no particular effect on lipid stability in HS red cells.
Since red cell lipid is localized completely in membranes, its loss from the cell diminishes surface material. The least surface area for a given cellular volume being a sphere, it follows that such surface diminution produces a more spheroidal cell. The diminished distensibility of such a surfacedepleted cell results in an increased propensity to hemolyze with the osmotic swelling which occurs in hypotonic solutions; that is, results in increased osmotic fragility. HS red cells, therefore, are victims of two additive processes both culminating in the excessive osmotic fragility which occurs with incubation of these cells; i.e., (a) the tendency to accumulate osmotically-active sodium ions (followed by water) due to increased permeability to this cation (2, 3); and (b) the tendency to lose surface material and hence distensibility. The latter process has recently been emphasized more fully (15) . Inhibiting both processes by incubating HS red cells in media in which choline replaces sodium, completely prevents any increase in osmotic fragility for as long as 24 hr (Fig. 2) .
It seems likely that these two processes are also involved in the hemolyic process which occurs in HS in vivo. The continuously accelerated sodium flux across the HS membrane results in the continuing tendency of the circulating HS red cell to lose surface material. As a result the cell becomes more spheroidal with time, and thereby its likelihood of being retarded in its passage through the fenestrated, basement membrane filter of the splenic microvasculature (40) is enhanced, perhaps due to its diminishing plasticity (41, 42) . Once temporarily sequestered, sodium and water are measurably accumulated (13) , osmotic swelling occurs, and passage through the basement membrane apertures is further discouraged. With persistent entrapment osmotic fragility increases (43, 44) , ultimately leading to osmotic lysis. 2092 It is stressed that the spleen is not required for the production of microspherocytes in hyperpermeable red cells. Such surface-depleted cells are produced readily in vitro (Fig. 5) and are found in abundance in the HS patient after remote splenectomy. In fact as shown by Emerson and coworkers (43, 44) , with more prolonged red cell survival which occurs in HS after splenectomy, the bulk of red cells actually are of increased spheroidicity relative to the presplenectomy state. This, with the presumptive evidence that normal red cells are more spheroidal and of decreased cellular lipid content with maturation (45), suggest that the process of membrane loss may occur continuously in red cells and is simply accelerated in the excessively permeable HS red cell. A small fraction of red cells whose osmotic fragility is markedly increased does seem to be produced by exposure to the microvasculature of the spleen, disappearing after splenectomy (43, 44) . These cells may owe their excessive fragility to accumulation of sodium and water, reflecting their temporary stasis in the spleen (13) or to a depletion of surface material if fragments of membrane are pinched off when these cells traverse the apertures in the splenic vasculature (46) , or most likely to a combination of both.
I conclude that the primary defect in HS red cells is their increased permeability to sodium ions. This, in turn, doubly and additively jeopardizes their viability; firstly, by directly increasing the tendency for the cell to accumulate sodium and water which ultimately must produce osmotic hemolysis; this process is of serious consequence especially when conditions for active pumping of sodium back out of the cell are suboptimal as when the cells are entrapped in the splenic microvasculature. Secondly, increased cation permeability, by stimulating the metabolism of certain membrane lipids renders the HS cell liable to fragmentation; this generates a more spheroidal cell which in turn presages its splenic entrapment, at the same time diminishing its ability to resist the osmotic swelling which accompanies such entrapment.
